Age-related changes to oscillatory dynamics in hippocampal and neocortical networks  by Rondina, Renante et al.
Neurobiology of Learning and Memory 134 (2016) 15–30Contents lists available at ScienceDirect
Neurobiology of Learning and Memory
journal homepage: www.elsevier .com/ locate/ynlmeAge-related changes to oscillatory dynamics in hippocampal and
neocortical networkshttp://dx.doi.org/10.1016/j.nlm.2015.11.017
1074-7427/ 2015 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author at: 3560 Bathurst Street, Toronto, ON M6A 2E1, Canada.
E-mail address: rrondina@research.baycrest.org (R. Rondina II).Renante Rondina II a,b,⇑, Rosanna K. Olsen a, Douglas A. McQuiggan a, Zainab Fatima a, Lingqian Li a,c,
Esther Oziel a, Jed A. Meltzer a,b, Jennifer D. Ryan a,b,d
aRotman Research Institute, Baycrest, Toronto, ON, Canada
bDepartment of Psychology, University of Toronto, Toronto, ON, Canada
cDepartment of Psychology, Ryerson University, Toronto, ON, Canada
dDepartment of Psychiatry, University of Toronto, Toronto, ON, Canada
a r t i c l e i n f o a b s t r a c tArticle history:
Received 30 July 2015
Revised 12 November 2015
Accepted 28 November 2015
Available online 9 December 2015
Keywords:
Hippocampus
Cortical networks
Relational memory
Magnetoencephalography
Magnetic resonance imaging
AgingRecent models of hippocampal function have emphasized its role in relational binding – the ability to
form lasting representations regarding the relations among distinct elements or items which can support
memory performance, even over brief delays (e.g., several seconds). The present study examined the
extent to which aging is associated with changes in the recruitment of oscillatory activity within hip-
pocampal and neocortical regions to support relational binding performance on a short delay visuospatial
memory task. Structural magnetic resonance imaging and MEG were used to characterize potential age-
related changes in hippocampal volume, oscillatory activity, and subsequent memory performance, and
the relationships among them. Participants were required to bind the relative visuospatial positions of
objects that were presented singly across time. Subsequently, the objects were re-presented simultane-
ously, and participants were required to indicate whether the relative spatial positions among the objects
had been maintained. Older and younger adults demonstrated similar task accuracy, and older adults had
preserved hippocampal volumes relative to younger adults. Age-group differences were found in
pre-stimulus theta (5 Hz) and beta (20 Hz) oscillations, and this pre-stimulus activity was related
to hippocampal volumes in younger adults. Age-group differences were also found in the recruitment
of oscillatory activity from the pre-stimulus period to the task. Only younger adults showed a task-
related change in theta power that was predictive of memory performance. In contrast, older adults
demonstrated task-related alpha (10 Hz) oscillatory power changes that were not observed in younger
adults. These findings provide novel evidence for the role of the hippocampus and functionally connected
regions in relational binding that is disrupted in aging. The present findings are discussed in the context
of current models regarding the cognitive neuroscience of aging.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Although the hippocampus has traditionally been thought to be
specifically involved in long-term memory, a growing number of
neuropsychological and neuroimaging studies have provided evi-
dence for its involvement in memory performance over short
delays (see Olsen, Moses, Riggs, & Ryan, 2012, for a recent review).
We and others have emphasized the hippocampus’s role in rela-
tional binding – the ability to form lasting representations regard-
ing the relations among distinct elements or items (Graham et al.,
2010; Hannula & Greene, 2012; Konkel & Cohen, 2009; Olsen et al.,2012; Ranganath, 2010) and these relational representations can
support memory performance even over brief delays (e.g. several
seconds). Recently, we used magnetoencephalography (MEG) to
investigate neural oscillations, specifically theta (5 Hz), underly-
ing hippocampally mediated relational binding (Olsen, Rondina,
Riggs, Meltzer, & Ryan, 2013). In this study, participants were
required to form and maintain the visuospatial representation of
presented objects across both space and time. Theta power
increased incrementally in medial temporal lobe (MTL) regions,
including the hippocampus, as well as in medial prefrontal cortex
(PFC), and medial parietal regions. Moreover, this increase in theta
power in the right hippocampus and bilateral medial PFC predicted
the ability to detect a change in the spatial relations of the objects
at test. This work demonstrated that in healthy young adults, the
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delay memory performance, and that these structures enable the
formation and retention of relational memory representations.
The purpose of the present study was to examine the extent to
which aging is associated with changes in the recruitment of hip-
pocampal and neocortical theta oscillations to support relational
memory binding performance.
The hippocampus is typically disproportionately atrophied in
older adults (Driscoll et al., 2003; Erickson et al., 2010; Fjell,
McEvoy, Holland, Dale, & Walhovd, 2014; Jack et al., 1997;
Lemaître et al., 2005; Raz, 2005; Raz, Ghisletta, Rodrigue,
Kennedy, & Lindenberger, 2010; Resnick, Pham, Kraut,
Zonderman, & Davatzikos, 2003). Smaller hippocampal volumes
have been correlated with worse memory performance in older
adults (Chen, Chuah, Sim, & Chee, 2010; Ezzati, Katz, Lipton,
Zimmerman, & Lipton, 2015; Head, Rodrigue, Kennedy, & Raz,
2008; Jernigan, Ostergaard, & Fennema-Notestine, 2001; Kramer
et al., 2007; Rodrigue, Daugherty, Haacke, & Raz, 2013), and is
thought to underlie age-related relational memory impairments
(Chalfonte & Johnson, 1996; Mitchell, Johnson, Raye, &
D’Esposito, 2000; Naveh-Benjamin, 2000) over both long (see Old
& Naveh-Benjamin, 2008, for a review) and short delays (Chen &
Naveh-Benjamin, 2012; Cowan, Naveh-Benjamin, Kilb, & Saults,
2006). However, the age-related changes to the neural mecha-
nisms that support relational memory over short delays have yet
to be fully characterized. For example, older adults may under-
recruit the hippocampus as a consequence of age-related atrophy,
or functional changes as indexed via neural oscillations may pre-
cede structural changes in the hippocampus. Likewise, older adults
may rely to a greater extent on extra-hippocampal structures to
support performance on a task that would typically recruit
hippocampally-mediated relational binding processes.
Functional magnetic resonance imaging (fMRI) studies have
explored the age-related changes of neural activity within the hip-
pocampus as well as among broader neocortical networks that
support long- and short-delay memory (Grady, 2008, 2012). In
some cases, older adults have shown under-recruitment of the hip-
pocampus compared to younger adults (Addis, Roberts, & Schacter,
2011; Dennis & Cabeza, 2011; Dennis, Daselaar, & Cabeza, 2007;
Dennis, Kim, & Cabeza, 2007, 2008; Dennis, Hayes, et al., 2008;
Giovanello, Kensinger, Wong, & Schacter, 2010; Giovanello &
Schacter, 2012; Murty et al., 2009; Salami, Eriksson, & Nyberg,
2012; St. Jacques., Rubin, & Cabeza, 2012; Ta et al., 2012; Trivedi
et al., 2008; Tsukiura et al., 2011). Other studies report that older
adults over-recruit the hippocampus (Dulas & Duarte, 2011;
Duverne, Habibi, & Rugg, 2008; Maguire & Frith, 2003; Morcom,
Li, & Rugg, 2007), or report equal recruitment between younger
and older adults (Addis, Giovanello, Vu, & Schacter, 2014; de
Chastelaine, Wang, Minton, Muftuler, & Rugg, 2011; Duverne,
Motamedinia, & Rugg, 2009; Grady, McIntosh, & Craik, 2003;
Leshikar, Gutchess, Hebrank, Sutton, & Park, 2010; Martinelli
et al., 2013; Miller et al., 2008; Morcom, Good, Frackowiak, &
Rugg, 2003; Park, Kennedy, Rodrigue, Hebrank, & Park, 2013;
Persson, Kalpouzos, Nilsson, Ryberg, & Nyberg, 2011; Stevens,
Hasher, Chiew, & Grady, 2008; Wang, Dew, & Cabeza, 2015). Older
adults have also shown reduced functional connectivity between
the hippocampus and other cortical and subcortical areas during
memory tasks (Daselaar, Fleck, Dobbins, Madden, & Cabeza,
2006; Dennis, Hayes, et al., 2008; Grady et al., 2003; Leshikar
et al., 2010; Winocur, Moscovitch, & Bontempi, 2010).
Older adults have also been shown to recruit task-related areas
to a greater extent than younger adults, and have demonstrated
recruitment of neural areas that are not normally recruited in
younger adults. For example, older adults have been shown to
recruit the same neural regions as younger adults, but at a greatermagnitude or with more widespread distribution of activity than
younger adults, when performance is the same as, or worse than,
younger adults on long-delay (Dennis, Daselaar, et al., 2007;
Morcom et al., 2007; Rypma, Eldreth, & Rebbechi, 2007; Zarahn,
Rakitin, Abela, Flynn, & Stern, 2007) and short-delay memory tasks
(Grady, Yu, & Alain, 2008; Mattay et al., 2006), which may be
indicative of neural inefficiencies. In other long-delay memory
tasks, older adults have recruited neural regions that were not
active in younger adults, and achieved equivalent behavioral per-
formance (Daselaar et al., 2006; Fernandes, Pacurar, Moscovitch,
& Grady, 2006; van der Veen, Nijhuis, Tisserand, Backes, & Jolles,
2006), a pattern which may be indicative of either nonselective
recruitment or a compensatory mechanism. More definitive evi-
dence of compensatory neural recruitment to support long-delay
memory comes from findings in which older adults recruit neural
regions that are not recruited in younger adults, and such recruit-
ment was correlated with better performance in older adults, but
not in younger adults (Davis, Dennis, Daselaar, Fleck, & Cabeza,
2008; van der Veen et al., 2006).
There are fewer studies on the effects of aging on task-related
oscillatory responses during memory tasks. Generally, electroen-
cephalography (EEG) studies report decreased theta power in fron-
tal areas in older adults compared to younger adults during
memory tasks (Kardos, Tóth, Boha, File, & Molnár, 2014;
Karrasch, Laine, Rapinoja, & Krause, 2004; Lithfous et al., 2015).
Under-recruitment of task-related frontal areas have also been
observed in fMRI studies and may indicate neural deficiencies
(Daselaar et al., 2006; Dennis, Daselaar, et al., 2007; Fernandes
et al., 2006; Gutchess et al., 2007; Mitchell, Raye, Johnson, &
Greene, 2006). In contrast, older adults show larger responses in
the alpha (10 Hz) and beta (20 Hz) frequency ranges during
memory tasks (Karrasch et al., 2004; Sebastián, Reales, &
Ballesteros, 2011), which is consistent with patterns of over-
recruitment of task-related areas in fMRI studies and may indicate
either nonselective recruitment or compensatory mechanisms
(Daselaar et al., 2006; Fernandes et al., 2006; van der Veen et al.,
2006).
There are age-related differences at baseline/rest (i.e. during the
time in between task trials or during task-free ‘‘resting” scans) that
are related to behavior. Studies have reported that older adults
show reduced functional connectivity at rest between the hip-
pocampus and other regions of the default mode network, and that
these differences at baseline are associated with reductions in per-
formance on memory tasks (Andrews-Hanna, Smallwood, &
Spreng, 2014; Salami, Pudas, & Nyberg, 2014; Wang et al., 2010).
Age-related differences in oscillatory activity during baseline have
also been reported—in these studies younger adults demonstrated
greater low frequency activity (i.e., theta) and lower high fre-
quency activity (e.g., beta) than older adults (Bruce, Bruce, &
Vennelaganti, 2009; Chu, Braun, & Meltzer, 2015; Cummins &
Finnigan, 2007; Duffy, Albert, McAnulty, & Garvey, 1984; Volf &
Gluhih, 2011). Furthermore, pre-stimulus theta activity has been
reported to predict memory retrieval (Addante, Watrous,
Yonelinas, Ekstrom, & Ranganath, 2011; Merkow, Burke, Stein, &
Kahana, 2014).
Despite the findings above, to date, there have been no studies
that have examined behavioral performance, hippocampal struc-
ture, and oscillatory activity during the baseline and at task, and
the relations among these measures, within the same experiment.
Therefore, in the current study, we used structural MRI and the
high spatiotemporal resolution of MEG to provide a comprehensive
assessment of hippocampal structural and functional integrity by
examining age-related differences in hippocampal volumes, oscil-
latory activity, and memory. Specifically, oscillatory activity was
examined prior to, and during, performance of a short-delay
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2013), and such measures were related to hippocampal structure
and memory performance.
In the experimental task, participants were required to bind the
relative visuospatial positions of objects that were presented singly
across time. Subsequently, the objects were re-presented simulta-
neously and participants were required to indicate whether the
relative spatial positions among the objects had been maintained
or had been manipulated. Oscillatory power was examined during
the study phase, as well as during the pre-stimulus interval. We
expected to find age-related differences in pre-stimulus activity
such that older adults would have lower theta power and higher
beta power relative to younger adults. We also examined the rela-
tionship between pre-stimulus activity and behavioral perfor-
mance, as well as the relationship between pre-stimulus activity
and hippocampal structure, and age-related differences in these
relationships.
In addition to characterizing age-group differences in pre-
stimulus activity, the current study assessed the ability of younger
and older adults to engage neural oscillations in response to task
demands. To accomplish this, age group differences in oscillatory
changes across time were probed in two sets of analyses. First,
age group differences in the recruitment of neural oscillations from
the pre-stimulus period to the post-stimulus (task) period were
examined. This analysis probed the extent to which younger and
older adults deploy similar and/or different brain regions and fre-
quency bands as they shift across off-task to on-task behavior.
Next, changes in oscillatory power across the encoding period of
the task (during the incremental formation of visuospatial repre-
sentations) were analyzed and compared across age groups. Our
previous study (Olsen et al., 2013) demonstrated that as relational
binding demands increased, younger adults exhibited incremental
task-related increases in theta power in the hippocampus, medial
PFC and medial parietal regions. Greater theta power in the right
hippocampus and bilateral medial PFC was associated with more
accurate subsequent detection of changes to the relative positions
among the objects. Here, we propose that age-related decreases in
relational binding would be manifested as a decrease in the detec-
tion of relative spatial changes in older adults relative to younger
adults and/or a decrease in theta power recruitment as binding
demands increased, particularly within the hippocampus, medial
PFC and medial parietal regions. Age-related increases in theta
power within those same regions, in the context of similarFig. 1. Task design. The task required participants to study the spatial locations of three t
A composite image depicting the spatial configuration of the studied objects is also illus
must be formed and maintained. The study phase was followed by a 2-s delay phase duri
were re-presented simultaneously in new absolute locations; however, the relations spa
the relative position of a single study object was changed (manipulated condition). Partbehavioral performance, would be taken as evidence for neural
inefficiency, while additional neural recruitment in other fre-
quency ranges by older adults, with or without concomitant bene-
fits in behavioral performance, would point toward compensatory
or nonselective mechanisms, respectively (Grady, 2008).
Altogether, the present work sought to characterize differential
baseline (pre-stimulus) oscillatory activity in younger and older
adults, illustrate age-group differences in the ability to engage
oscillatory activity in response to task demands, and understand
how such changes in oscillatory responses were related to under-
lying hippocampal structure and behavioral performance. The pre-
sent work provides a comprehensive investigation into the
differential recruitment of oscillatory activity in younger and older
adults across distinct task and/or cognitive phases and informs our
understanding of age-related changes in relational memory
binding.2. Methods
2.1. Participants
Sixteen younger adults (8 males; age: M = 24.8 years, SD = 3.5;
education: M = 17.8 years, SD = 2.5) and 16 older adults (8 males;
age: M = 65.9 years, SD = 6.6; education: M = 16.3 years, SD = 2.9)
participated in the study. The two groups did not differ in years
of education (p > 0.11). Twelve of the younger adults were a subset
of the group reported in (Olsen et al., 2013). All participants were
recruited from the Toronto community with normal neurological
histories and normal or corrected-to-normal vision. The study
was approved by the Research Ethics Board of Baycrest and the
rights and privacy of the participants were observed. All partici-
pants gave informed consent before the experiment and received
monetary compensation.2.2. Stimuli and design
Object stimuli consisted of colored images (1024  768 pixels)
and novel objects created using Corel Draw v.12. Images were
grouped into sets that were distinguished by a unique patterned
background and three objects (see Fig. 1 for sample). The novel
objects were designed to minimize resemblance to real-world
objects, discouraging use of associated verbal labels to aid inrial-unique objects (not drawn to scale) that are presented sequentially for 3 s each.
trative, surrounded by gray dashed lines, to represent the spatial relationship that
ng which a visual mask was presented. During the test phase, all three study objects
tial positions were either identical to those of the study phase (intact condition) or
icipants made their response during the 4-s test phase.
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the boy”), and were among the set used in prior work (Olsen
et al., 2013; Ryan, Leung, Turk-Browne, & Hasher, 2007; Ryan &
Villate, 2009). The experiment was designed using the protocol
in Ryan and Villate (2009). The study images were presented
sequentially: a single object in a unique spatial location; three
study images were presented for each set. This ensured that the
spatial relations among the studied objects could not merely be
derived and processed from a single external stimulus; rather,
the relationships among stimuli had to be bound together across
time and this representation had to be maintained in memory. A
mask image was used during the delay phase for each trial. The test
displays consisted of all three studied objects presented simultane-
ously in new absolute spatial locations to ensure that low-level
features, such as luminance changes at a given location, could
not be used to aid performance. The relative spatial locations
among the objects either remained intact (intact trials; see
Fig. 1), or the relative locations among the objects were altered
for one of the objects with respect to the other two (manipulated
trials; see Fig. 1). Sets were counterbalanced across participants,
and alternate study images were created, so that intact test trials
for one participant became the manipulated trials for another. Each
test image then was seen equally often as an intact or manipulated
image across participants.
2.3. Procedure
The procedures for this experiment are identical to those
described in (Olsen et al., 2013). Both younger and older adults
completed the same experiment. The task consisted of 204 exper-
imental trials. Each set of images was preceded by a fixation cross
that appeared at the center of the screen for 3 s. Three study
images were then presented sequentially for 3 s each, followed
by the presentation of a mask image during a delay phase of 2 s,
and finally the test image for 4 s (see Fig. 1). Half of the test dis-
plays depicted the objects in the same relative spatial positions
(intact) and half depicted the objects with an altered relative spa-
tial configuration (manipulated; i.e., one object was moved relative
to the other two objects). Participants were instructed to remem-
ber the relative spatial locations among the objects and to indicate
whether the relative locations among the objects were maintained
from study to test displays. Both younger and older adults deliv-
ered their responses during the test phase (while the test display
was being presented) before the end of each trial.
2.4. Data acquisition
MEGrecordingswere performed in amagnetically shielded room
at the Rotman Research Institute, Baycrest, using a 151-channel
whole head first order gradiometer system (VSM-Med Tech Inc.)
with detection coils uniformly spaced 31 mm apart on a helmet-
shaped array. Participants sat in an upright position, and viewed
the stimuli on a back projection screen that subtended approxi-
mately 31 of visual angle when seated 30 in. from the screen. The
MEG collectionwas synced to the onset of the stimulus by recording
the luminance changeof the screenusing aphotodiode. Participant’s
headpositionwithin theMEGwasdeterminedat the start andendof
each recording block using indicator coils placed on the nasion and
bilateral preauricular points. These three fiducial points established
a head-based Cartesian coordinate system for representation of the
MEG data. Participants were excluded from the study if theymoved
more than 1 cm within each run.
In order to co-register the brain activity with the individual
anatomy, a structural MRI was also obtained for each participant
using standard clinical procedures with a 1.5 T MRI system (Signa
EXCITE HD 11.0; GE Healthcare Inc., Waukesha, WI) located at Sun-nybrook Health Sciences Centre or with a 3 T MRI system (Siemens
TIM Trio) located at Baycrest. All participants’ anatomical MRIs and
MEG source data were spatially normalized using Advanced Neu-
roimaging Tools (Avants et al., 2011) to allow for group analysis
of functional data.
2.5. Data analysis
2.5.1. Hippocampal volumes
To examine possible age-related differences in hippocampal vol-
umes,we conducted amanual volumetric analysis of the hippocam-
pal structures, using the protocol described by Pruessner et al.
(2000). Raw DICOM MRI images were first converted to NIFTI for-
mat. Next, all structural scans underwent signal-intensity normal-
ization, non-uniformity correction, and transformation into
standard stereotaxic space using the MNI template prior to volume
segmentation (Collins, Neelin, Peters, & Evans, 1994; Collins,
Roberts, Dias, Everitt, & Robbins, 1998; Pruessner et al., 2000; Sled,
Zijdenbos, & Evans, 1998). Manual volumetric segmentation of the
1 mm isotropic MRI images was then conducted using FSLView by
a single rater (L.L.) This software allowed viewing of volumes simul-
taneously in the sagittal, coronal and horizontal orientations of each
slice. The total volumes (mm3) of the segmented structures was cal-
culated using FSL’s fslstats function. For the purposes of the current
investigation, the subregions of the hippocampus (head, body, and
tail) were collapsed (summed) into a single region of interest for
each subject (for left and right hemispheres, separately).
2.5.2. Source localization
The MEG data were analyzed in source space using synthetic
aperture magnetometry (SAM) (Sekihara, Nagarajan, Poeppel,
Marantz, & Miyashita, 2002; Van Veen, van Drongelen,
Yuchtman, & Suzuki, 1997; Vrba & Robinson, 2001) as imple-
mented in CTF software (CTF, Port Coquitlam, BC, Canada). SAM
is a beamformer technique that can be used to compute the full
time course of virtual channels at selected individual locations,
as in our previous work (Chu et al., 2015; Olsen et al., 2013). Source
waveforms were derived from locations throughout the brain in
MNI space using the macroanatomical cortical parcellation of
Tzourio-Mazoyer et al. (2002), consisting of 90 cortical/subcortical
regions, excluding the cerebellum (see Fig. 2 for distribution of
sources). Coordinates at the centre of each region were warped
from MNI space to the individual brain, co-registered to the MEG
head position, and beamforming weights for these locations were
computed across a broad frequency range (1–100 Hz).
2.5.2.1. Relative power. The relative power of each frequency range
was calculated for each of the 90 virtual channel locations. To
examine potential age-related differences at baseline, beamformer
weights were computed using data from the 2.5 s interval immedi-
ately preceding the onset of the first study display. To investigate
age group differences in the temporal evolution of oscillatory activ-
ity from the baseline period to the task, beamformer weights were
also computed using data from the 0.75 s to 2.5 s time window
relative to the onset of each study display. These reactive time–
frequency windows were selected based on our inspection of
time–frequency plots of task-related activity (see Section 2.5.2.2).
Pre-stimulus activity and task-related activity were submitted to
a spectral analysis using Welch’s method with default parameters
in Matlab (Fast Fourier Transform on eight Hamming windows
with 50% overlap). Relative power was computed for the theta
(2–7 Hz), alpha (9–14 Hz), and beta (15–30 Hz) frequency ranges
by calculating the ratio of the power of each specified frequency
range divided by the total power across 1–100 Hz for the
pre-stimulus interval as well as the study phases for ease of
comparison.
Fig. 2. Distribution of 90 regions from the AAL atlas with region labels on the left side and numbers representing homotopic regions on the right side. Medial view of the right
hemisphere (top left), lateral view of the right hemisphere (top right), and axial view of both hemispheres (bottom) are shown.
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task-related oscillatory activity throughout the brain, a time–fre-
quency analysis on each of the 90 virtual channel locations was
performed. This first stage of analysis allowed for the delineation
of the time and frequency windows in which oscillatory reactivity
occurred in the task. Beamformer weights were computed using
data from a window of 2.5 s to 11 s relative to the onset of the
first study display, and submitted to a time–frequency analysis inEEGLAB (Delorme & Makeig, 2004), with a short-time Fourier
transform (512-point overlapping Hanning windows, 200 windows
per trial). Based on the observed reactivity, oscillatory power in the
theta, alpha, and beta frequency ranges during a time window of
0.75 s to 2.5 s relative to the onset of each study display was used
as input for multivariate statistical analysis (see also Olsen et al.,
2013). This time window was chosen to focus the analysis on
sustained changes in oscillatory power, rather than the initial
20 R. Rondina II et al. / Neurobiology of Learning and Memory 134 (2016) 15–30time-locked evoked response to the visual stimulus (Klimesch,
Doppelmayr, Schwaiger, Winkler, & Gruber, 2000).
SAM was also used to perform univariate whole-brain analyses
which examined task-related changes in oscillatory power both
within and across age groups. For each participant, at a regular grid
of locations spaced 5 mm apart throughout the brain, we com-
puted a pseudo T-statistic, which is a normalized measure of the
difference in signal power between two time windows (Vrba &
Robinson, 2001). Due to this ‘‘dual-state” analysis approach,
multi-subject statistical maps were derived from subtractive con-
trast images computed on the single-subject level, not from indi-
vidual conditions. Beamformer weights for this analysis were
computed from data within the same specified frequency ranges
(theta, alpha, and beta) during a time window of 0.75 s to 2.5 s rel-
ative to the onset of each study display, providing greater spatial
resolution than the broadband weights used for the virtual channel
analysis (Brookes et al., 2008). Maps of pseudo t-values throughout
the brain were spatially normalized to MNI space by applying the
nonlinear transforms computed by ANTS (by warping the T1-
weighted MRI to an MNI template), enabling random-effects anal-
ysis at the group level.
2.6. Statistical analysis
2.6.1. Hippocampal volumes
Age-related differences in hippocampal volumes were exam-
ined with univariate analyses. A two-way mixed ANOVA was con-
ducted with age group as a between subject factor and hemisphere
as a within subject factor. Additionally, bivariate correlations were
conducted on each group separately to determine if hippocampal
volumes could be predicted by age.
2.6.2. Behavior
Group differences in behavioral performance were examined
usingunivariate analyses. Two-waymixedANOVAswere conducted
on accuracy andmean response time for correct trials only, with age
(young, old) as a between subject factor and trial type (intact,
manipulated) as a within subject factor. An independent sample t
test was conducted on corrected accuracy to detect a spatial manip-
ulation (proportion of correct manipulated trials minus the propor-
tion of incorrect intact trials), with age group as the separating
factor. Additionally, bivariate correlations were conducted on each
group separately todetermine if hippocampal volumes couldbepre-
dicted by accuracy or mean response time for correct trials.
2.6.3. Pre-stimulus oscillatory activity
Previous work has tested age-related differences in global pre-
stimulus activity (Bruce et al., 2009; Chu et al., 2015; Cummins &
Finnigan, 2007; Duffy et al., 1984; Volf & Gluhih, 2011). Here,
age-related differences in pre-stimulus oscillatory activity was
examined with a three-way mixed ANOVA with age group as a
between subject factor, and frequency range (theta, alpha, beta)
and virtual channel locations as within subject factors.
2.6.3.1. Pre-stimulus structure–function relationship. Results from
the ANOVA on pre-stimulus oscillatory activity showed that the
effect of age was consistent across all virtual channels within each
frequency range. Therefore, bivariate correlations between hip-
pocampal volumes and pre-stimulus relative power for each fre-
quency range (collapsed across all virtual channel locations) were
computed.
2.6.3.2. Pre-stimulus brain-behavior relationship. Relative power
from 90 virtual channels was subjected to a behavioral partial least
squares (PLS) analysis with total recognition accuracy and mean
response time to correct trials. PLS is a multivariate statistical tech-nique (Krishnan, Williams, McIntosh, & Abdi, 2011; McIntosh,
Bookstein, Haxby, & Grady, 1996; McIntosh, Chau, & Protzner,
2004; McIntosh & Lobaugh, 2004) that allows simultaneous exam-
ination of conditions and age-related group effects in multi-
dimensional (spatial location [90 virtual channels], frequency band
[theta, alpha, gamma]) MEG data (Cheung, Kovacˇevic´, Fatima,
Mišic´, & McIntosh, 2016). Behavioral PLS (Krishnan et al., 2011;
McIntosh & Lobaugh, 2004; McIntosh et al., 1996, 2004) is used
to assess brain-behavior correlations simultaneously for all condi-
tions and groups. The input to the behavioral PLS analysis is a
cross-correlation matrix created from the relative power of each
participant and their performance on the task. This cross-
correlation matrix is decomposed using singular value decomposi-
tion (SVD), which produces a set of mutually orthogonal latent
variables (LVs) that account for the greatest variance in data across
conditions of interest. Each LV consisted of: (i) design salience (or
design LV), which showed the contrast between conditions and/or
groups; (ii) brain saliences that indicated the distribution of oscil-
latory brain activity identified by the design LV; and (iii) a singular
value that represents the covariance between brain salience and
the design LV.
Statistical assessment in PLS consisted of two independent
resampling methods: permutations and bootstrap estimations.
Permutation tests evaluated whether the optimal contrasts were
significantly different from chance (McIntosh et al., 1996). In this
non-parametric test, the participants’ data were randomly reas-
signed to conditions and a new set of LVs was calculated for each
reordering. At every permutation, the singular value obtained
was compared to the singular value from the original data, and
was assigned a probability value based on the number of times
the singular value from the permuted data exceeded the original
value. Bootstrapping determined the reliability of saliences (or
weights) for distributed power changes in virtual channel locations
(Efron & Tibshirani, 1991; McIntosh et al., 1996). Bootstrap estima-
tion involved randomly sampling subjects with replacement while
keeping assignment of experimental conditions fixed for all
observations and then computing the standard error of the
saliences for each virtual channel location and frequency range
(McIntosh et al., 2004). Virtual channel locations were thresholded
at 95% confidence bounds derived from the bootstrap distribution.
These two resampling techniques provided complementary
information about the statistical strength of the task contrast and
brain-behavior relationship, and their reliability across partici-
pants. Statistical evaluation of oscillatory effects was tested using
500 permutations and 500 bootstrap iterations.
2.6.4. Engagement of oscillatory activity – baseline to task
Age-related differences in task-related activity may be affected
by age-related differences at baseline. Therefore, the relative
power of each frequency range in pre-stimulus and study phase
activity were examined using a mean-centered PLS. Here, PLS
was used to assess differences between older and younger partic-
ipants in the temporal evolution of their oscillatory activity from
the baseline to the task. Data submitted to PLS was organized in
a specific format with relative power at each virtual channel loca-
tion within each frequency range in the columns, and participants
within conditions (pre-stimulus, first study display, and third
study display) within group (younger, older adults) in the rows.
The data matrix was mean-centered and decomposed using SVD,
and statistical assessment was evaluated with 500 permutations
and 500 bootstrap iterations, as described above.
2.6.5. Recruitment of oscillatory activity during binding
Group differences in task-related oscillatory activity within
each frequency range were examined using univariate and multi-
variate methods.
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maps were computed in a similar fashion as is customary in voxel-
based fMRI studies. To examine changes in oscillatory power
across the study phase, the spatially normalized whole-brain
map of pseudo t-values was submitted to a voxel-wise one-
sample t-test across subjects. To examine age-related differences,
independent sample t-tests were used. Random effects analyses
were implemented by performing one-sample or independent t-
tests. Significant voxels reported below reach statistical signifi-
cance at a threshold of p < 0.001 uncorrected, as well as a false dis-
covery rate (FDR) q < 0.05 corrected for multiple comparisons.
2.6.5.2. Multivariate analysis. A second independent mean-centered
PLS was used to assess differences between older and younger par-
ticipants during the study phase. Data submitted to PLS was orga-
nized with oscillatory power at each virtual channel location
within each frequency range in the columns, and participants
within conditions (first study display, second study display, third
study display) within group in the rows. The data matrix was
mean-centered and decomposed using SVD, and statistical assess-
ment was evaluated with 500 permutations and 500 bootstrap
iterations, as described above.
2.6.5.3. Task-related structure–function relationship. Results from
the mean-centered PLS analysis on task-related oscillatory activity
showed that younger and older adults expressed the greatest dif-
ference in oscillatory power between the first and third study dis-
play. Based on these results, correlations between hippocampal
volumes and changes in oscillatory power across the study phase
(the third study display minus the first study display) collapsed
across all virtual channels were computed.
2.6.5.4. Task-related brain-behavior relationships. Changes in oscilla-
tory power from 90 virtual channels across the study phase (the
third study display minus the first study display) were submitted
to a behavioral PLS with total recognition accuracy and mean
response time to correct trials. The cross-correlation matrix was
decomposed using SVD, and statistical assessment was evaluated
with 500 permutations and 500 bootstrap iterations, as described
above.
3. Results
3.1. Hippocampal volumes
Age-related differences in hippocampal volume were examined
(see Table 1). A two-way mixed ANOVA revealed no main effect of
age group or hemisphere, and no interaction between age group
and hemisphere (all ps > 0.15). Bivariate correlations conducted
separately on each group revealed no relationship between age
and hippocampal volumes in younger adults (all ps > 0.28), but
showed a significant negative correlation between age and hip-
pocampal volumes for the older adults (left: r = 0.65, p < 0.01;
right: r = 0.58, p = 0.02). These findings demonstrate that hip-
pocampal volumes were stable between age groups but began to
deteriorate with advanced age in the older age group.Table 1
Hippocampal volumes and correlations with age. Values in parentheses show standard de
Hippocampal volumes (mm3)
Left Right
Younger adults 3839.50 (519.20) 3755.88 (447
Older adults 3632.44 (428.04) 3689.19 (4403.2. Behavioral results
Age group differences in short-delay relational memory perfor-
mance were assessed (see Tables 2 and 3). ANOVA on response
times for correct trials showed that older adults had a slower mean
response time (M = 2042 ms; SD = 553 ms) than younger adults
(M = 1543 ms, SD = 205 ms), F(1,30) = 11.77, p < 0.01. There was no
main effect of, or interaction with, trial type (all ps > 0.32). ANOVA
on accuracy showed no main effect of age group (F < 1), but that
participants were more accurate on intact trials (M = 87.3%,
SD = 11.6%) than manipulated trials (M = 76.5%, SD = 14.3%),
F(1,30) = 14.30, p < 0.01. This was qualified by a marginal interaction
between age group and trial type (F(1,30) = 4.00, p = 0.055) that
showed that younger adults were more accurate on intact trials
(M = 90.8%; SD = 4.6%) than manipulated trials (M = 74.3%,
SD = 15.6%), t(15) = 4.80, p < 0.01. However, the independent sample
t test revealed no difference between age groups (t < 1) on cor-
rected accuracy. One older adult performed within the normal
range of his age group (total accuracy = 64.2%; corrected accu-
racy = 28.4%), but had a mean response time outside the normal
range of his age group (3677 ms). Removing this older adult did
not change the results of the behavioral analysis, as older adults
still responded slower (M = 1933 ms; SD = 353 ms) than younger
adults, F(1,29) = 14.81, p < 0.01, and still responded as accurately
(total accuracy: M = 82.4%, SD = 10.0%; corrected accuracy:
M = 64.8%, SD = 20.1%) as younger adults. Removal of this older
adult also did not change the results of our analysis on the hip-
pocampal volumes. Finally, removal of this older adult from subse-
quent analysis on functional activity also did not change the
results; therefore, this participant was included in all analyses.
There were no significant correlations between hippocampal
volumes and total or corrected accuracy (all ps > 0.15), or between
hippocampal volumes and response time for correct trials (all
ps > 0.21).
3.2.1. Pre-stimulus oscillatory activity
Age-related differences in pre-stimulus relative power across all
virtual channels were examined; this analysis revealed a signifi-
cant three-way interaction (F(1,2670) = 5.64, p < 0.001). However,
the effects of age within each frequency range (theta, alpha, and
beta) were consistent across all virtual channels. There was a
two-way interaction between age group and frequency range
(F(1,60) = 15.74, p < 0.001), that revealed that younger adults had
significantly greater pre-stimulus relative theta power (M = 3.87,
SD = 0.67) than older adults (M = 2.67, SD = 0.47), t(30) = 5.89,
p < 0.001, and that older adults had significantly greater pre-
stimulus relative beta power (M = 1.78, SD = 0.37) than younger
adults (M = 1.20, SD = 0.22), t(30) = 5.40, p < 0.001. There were no
age-related differences in pre-stimulus relative alpha power (t < 1).
3.2.2. Pre-stimulus structure–function relationship
Younger adults showed a significant positive correlation
between hippocampal volumes and pre-stimulus relative theta
power (r = 0.52, p < 0.05), and a significant negative correlation
between hippocampal volumes and pre-stimulus relative beta
power (r = 0.70, p < 0.005), whereas older adults did not showviations.
Relationship with age
Left Right
.50) r = 0.28, n.s.e. r = 0.28, n.s.e
.51) r = 0.65, p < 0.01 r = 0.58, p < 0.05
Table 2
Recognition accuracy and mean response time (correct trials only) for younger and older adults. Values in parentheses show standard deviations.
Accuracy (%) Mean response time (ms)
Intact Manipulated Total Corrected Intact Manipulated All
Younger 90.8 (4.6) 74.3 (15.6) 82.5 (9.2) 65.1 (18.4) 1515 (263) 1590 (204) 1543 (205)
Older 83.8 (15.1) 78.7 (13.0) 81.3 (10.7) 62.5 (21.4) 2074 (595) 2039 (564) 2042 (553)
Table 3
Relationship between hippocampal volumes and behavior.
Total accuracy Corrected accuracy Mean response time
Younger adults r = 0.35, n.s.e. r = 0.35, n.s.e. r = 0.07, n.s.e.
Older adults r = 0.11, n.s.e. r = 0.11, n.s.e. r = 0.19, n.s.e.
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umes and pre-stimulus relative power on any frequency range
(all ps > 0.12) (see Fig. 3).3.2.3. Pre-stimulus brain-behaviur relationship
Behavioral PLS on pre-stimulus oscillatory activity did not
return any significant latent variables.3.3. Engagement of oscillatory activity – baseline to task
Mean-centered PLS analysis identified two statistically signifi-
cant latent variables that captured group differences in the engage-
ment of oscillatory activity from the pre-stimulus baseline period
to the third study display of the task period (Fig. 4). The first signif-
icant (p < 0.00005) contrast (Fig. 4A, left) showed a shift in relative
power in oscillatory rhythms from the pre-stimulus stage to the
study phase in younger adults only (70% of the data covariance
accounted for by this latent variable). The distribution of oscilla-
tory power was not reliable for the older adults (confidence bounds
cross zero for all conditions). A second significant (p < 0.00005)
contrast (Fig. 4B, left) that accounted for 28% of the data covariance
showed reliable changes in older adults but not younger adults
(overlapping confidence intervals). For younger adults, theta
power was higher in the pre-stimulus interval compared to the
study phase in anterior brain areas and beta power was higher in
the study phase compared to the pre-stimulus period in more pos-
terior areas (Fig. 4A, right). For older adults, greater alpha power
was found in the pre-stimulus interval in occipitotemporal areas
and higher theta power was observed in the study phase in med-
ial/temporal channels (Fig. 4B, right). These findings of age-
related differences in theta and beta oscillations suggest a neural
deficiency in older adults; while the alpha power decrease unique
in older adults suggests the over-recruitment of cognitive
resources.3.4. Recruitment of oscillatory activity during binding
Task related neural activity was assessed by comparing the
oscillatory power across the study phase. A comparison of neural
activity from the first display to the third display was selected
(see Fig. 5). This compares a time period during which participants
have ostensibly formed an online representation of the relative
spatial positions among all of the objects (3rd study display; max-
imal binding) to a time period in which similar visual information
is presented (i.e., a single object), but there has not yet been an
opportunity for relational binding to occur across objects (1st study
display; minimal binding). Changes in theta, alpha, and beta power
were examined separately for each group, and then group differ-
ences were assessed. Results from the univariate analyses arepresented in Fig. 6 and are consistent findings from the multivari-
ate analysis are presented in Fig. 7.3.4.1. Univariate analyses
For younger adults, significant increases in theta power in the
left and right anterior and medial temporal lobe including the hip-
pocampus, medial prefrontal cortex, and right lateral prefrontal
cortex were observed across the study displays (Fig. 6A). By con-
trast, for older adults, theta power within the lateral parietal cortex
significantly decreased across the study phase (Fig. 6B). Direct
comparisons between the younger and older adults revealed a sig-
nificant decrease in theta power for older adults relative to
younger adults in the right middle occipital gyrus (BA19), the left
temporal parietal junction region (BA39), and in the left superior
frontal gyrus (BA6; Fig. 6C).
As with theta power, age-related changes were observed in
task-related alpha power. Younger adults demonstrated a small
alpha power increase in the left and right occipital pole (Fig. 6D).
By contrast, older adults demonstrated a large alpha power
decrease in the lateral parietal cortex, extending into lateral PFC,
and lateral temporal regions on the left (Fig. 6E). Significant age-
related decreases in alpha power were observed in the left middle
temporal gyrus (BA39/22), left parahippocampal gyrus (BA 36),
right middle occipital gyrus (BA 37), left middle frontal gyrus (BA
8), and left inferior frontal gyrus (BA 46; Fig. 6F).
Beta power increased in younger adults bilaterally in occipital
regions, and decreased in parietal regions, in particular in an area
spanning the central sulcus (BA 4; Fig. 6G). In older adults, beta
power decreases were observed in the motor strip, but compared
to younger adults, were much more widespread in both left and
right lateral frontal, parietal and temporal cortices (Fig. 6H). Signif-
icant age-related differences were observed, due to the larger mag-
nitude and distribution of decreases in beta power for older
compared to younger adults (Fig. 6I). Significant clusters of voxels
exhibiting a significant difference between younger and older
adults were observed in the right subcallosal gyrus (BA11), left
middle frontal gyrus (BA 9), right middle frontal gyrus (BA 9),
and left posterior cingulate (BA 30).3.4.2. Multivariate analyses
PLS analysis identified two significant brain activity patterns
that captured group differences across experimental conditions
(the first and third study objects). The first significant
(p < 0.0005) latent variable or contrast showed changes in oscilla-
tory activity during the first study display versus the third study
display for older adults only (see Fig. 7A) and accounted for 69%
of the covariance in the data. The same oscillatory activity pattern
was not reliable across subjects for younger adults (overlapping
confidence intervals). Instead a second significant latent variable
(p < 0.0005) captured changes in oscillatory power in younger
Fig. 3. Correlation between pre-stimulus relative power and hippocampal volumes
for theta (A), alpha (B), and beta (C) frequencies. The scatterplot shows both
younger (red empty circles) and older (blue filled circles) adults as well as the value
for the correlation coefficient in red and blue, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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When taken together, both LVs show that the network configura-
tion used by younger and older adults is strikingly different. In
young adults, negative (Obj 1 > Obj 3) and positive expressions
(Obj 3 > Obj 1) of the contrast capture changes in oscillatory power
in unique virtual channels displayed using red and blue colors,
respectively. Contrastingly, older adults only express the contrast
negatively (Obj 1 > Obj 3).
The distribution of this pattern of oscillatory effects in the brain
is substantially different across groups. Referencing the oscillatory
power changes in younger and older exhibited in Figs. 5 and 6, thePLS results in Fig. 7 demonstrate that task-related changes in oscil-
latory power are characterized by both significant incremental
increases and decreases in oscillatory power during the formation
of visuospatial representations in younger adults and significant
decreases in theta, alpha, and beta power during visuospatial
memory processing in older adults. Younger adults show positive
theta modulations in frontal and temporal areas, and positive alpha
modulations in occipital areas, whereas older adults do not show
any changes in the same locations. Older adults show amore global
decrease in the alpha band compared to the local change seen in
younger adults. Moreover, young adults show two different net-
works in the beta band, whereas older adults only show a single
large-scale oscillatory change in the beta band.
3.4.3. Task-related structure–function relationship
No significant bivariate correlations were found between task-
related power changes and hippocampal volumes (all ps > 0.16).
3.4.4. Task-related brain-behavior relationships
Neural activity associated with relational binding was assessed
by correlating subsequent task performance with oscillatory power
changes from the first to the third study display (see Olsen et al.,
2013 for a similar univariate analysis). There was a significant rela-
tionship between task-related activity and total accuracy in
younger adults, but not older adults (p < 0.05, crossblock covari-
ance: 84%; see Fig. 8A). This brain-behavior correlation pattern
was reliable in younger but not older adults (confidence intervals
crossing zero bounds). Younger adults showed a positive relation-
ship between total accuracy and theta power changes (r = 0.58) in a
number of frontal, parietal, and temporal, virtual channel locations,
including the right hippocampal virtual channel (see Fig. 8B). Sys-
tematic evaluation of alpha and beta power changes across groups
showed no significant differences.
No significant brain-behavior correlations were found between
oscillatory changes during the study phase and mean response
time to correct trials.4. Discussion
In the present study, structural MRI and MEG were used to
characterize the age-related changes in hippocampal volume,
oscillatory activity, and their relationship to behavior during a
short-delay task that required memory for the relative positions
among objects that were presented visually across space and time.
The current study builds on our previous work that implicated
neural oscillations and specifically, changes in theta power, within
the hippocampus and medial prefrontal cortex, with the incremen-
tal formation and retention of spatial relations (Olsen et al., 2013).
This investigation of age-related changes in behavior, structure,
and function demonstrates that a group of high-functioning older
adults, who exhibited no significant decreases in memory perfor-
mance and no significant hippocampal atrophy, exhibited large dif-
ferences in the engagement of neural oscillatory networks in
response to task demands and failed to recruit hippocampal rela-
tional binding mechanisms during task performance to the same
extent as the younger group.
The older adults tested in the current study uniquely showed a
negative relationship between age and hippocampal volumes,
which is consistent with previous studies of hippocampal atrophy
associated with advanced age (Driscoll et al., 2003; Erickson et al.,
2010; Fjell et al., 2014; Jack et al., 1997; Lemaître et al., 2005; Raz,
2005; Raz et al., 2010; Resnick et al., 2003). However, there was no
overall age group difference in hippocampal volumes, indicating
that the structural integrity of this key memory structure is rela-
tively intact in the older participants of the current study. The
Fig. 4. Evolution of oscillatory activity from baseline through study phases (Object 1 and Object 3) was captured by two different latent variables (A) and (B). Error bars
signify confidence bounds (95%) obtained from the bootstrap distribution. (B) Distribution of virtual channels that positively (red colors) and negatively (blue colors) express
the contrast are shown on the right for three frequency bands of interest (theta, alpha, and beta). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Fig. 5. Time frequency plots illustrate power changes for the younger and older adult groups for two virtual channels. A: Plots depicts power changes during the study and
delay phase within the right hippocampus. Younger adults demonstrated increases in theta power (2–7 Hz) across the study phase whereas older adults demonstrated no
change in theta power from the 1st to 3rd study object. B: Right superior parietal lobule depicts large, sustained power decreases in the alpha (9–14 Hz) and beta frequency
ranges (15–30 Hz) following the onset of each study image. Univariate and multivariate analyses confirmed that these alpha and beta band power decreases were statistically
greater for older adults compared to younger adults.
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Fig. 6. Univariate results examining task-related power changes in the theta (A–C), alpha (D–F), and beta (G–I) frequency ranges. The contrast in the upper two panels
(younger adults: A, D, G; older adults: B, E, H) depicts regions in which oscillatory power significantly differed between the 1st and 3rd study display, for which there was an
increased demand to maintain the relative spatial positions among singly presented objects. The lower panel (C, F, I) illustrates regions in which the power change between
the 1st and 3rd study display significantly differed between older and younger adults. Whole-brain SAM results were analyzed in volume space and projected onto the MNI
template surface mesh for visualization purposes. The statistical threshold was set to p < 0.001 uncorrected, FDR corrected p < 0.05.
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the current study were relatively young (median: 65.5 years;
range: 55–77) compared to other studies on aging. The fact that
the older participants as a group do not exhibit significant hip-
pocampal atrophy raised the possibility that these participants
could have used the same hippocampal-mediated relational bind-
ing processes as younger adults. However, as discussed below,
older adults largely demonstrated a different pattern of neural
oscillatory activity compared to younger adults, and responded
more slowly, suggesting perhaps that a cognitive strategy other
than relational binding was used to support memory performance.
Age-related differences in oscillatory activity during the pre-
stimulus interval were first considered to provide a thorough
examination of age group differences on neural system functioning
at baseline/rest. Older adults elicited lower pre-stimulus theta
power and higher pre-stimulus beta power compared to younger
adults across all areas in the brain, indicating a likely ongoing def-
icit in neural oscillatory mechanisms, consistent with previous
studies (Bruce et al., 2009; Chu et al., 2015; Cummins & Finnigan,
2007; Duffy et al., 1984; Volf & Gluhih, 2011), Furthermore, even
though older adults had intact hippocampal volumes relative to
younger adults, hippocampal volumes showed a positive relation-
ship with pre-stimulus theta and a negative relationship with
pre-stimulus beta in younger adults, but not in older adults. This
suggests that the structural and/or functional connections either
within the hippocampus or among the theta and beta network
regions were compromised with age (Jacobson, Schmidt, Hinman,
Escabí, & Markus, 2015), a position that is consistent with findingsof age-related changes in hippocampal white matter connectivity
(Bennett & Stark, 2016; Ezzati et al., 2015; Grambaite et al.,
2010; Yassa, Muftuler, & Stark, 2010; Zahr, Rohlfing, Pfefferbaum,
& Sullivan, 2009).
Oscillatory changes from the pre-stimulus period to the post-
stimulus period were also examined to investigate the differential
deployment of neural oscillatory activity in response to task
engagement and to fully inform interpretations of task related-
activity. Younger adults showed greater relative theta power dur-
ing the pre-stimulus period compared to the post-stimulus period,
whereas older adults showed greater relative theta power during
the post-stimulus period compared to the pre-stimulus period.
Together with the findings that older adults had lower pre-
stimulus theta compared to younger adults, this indicates a likely
ongoing deficit in the neural mechanisms that support relational
binding. Older adults also showed greater relative alpha power
during the pre-stimulus period compared to the post-stimulus per-
iod, whereas younger adults showed greater relative beta power
during the post-stimulus period compared to the pre-stimulus per-
iod. These findings indicate that younger and older adults differen-
tially recruited disparate neural regions and frequency bands in
response to task engagement.
Examination of task-related changes revealed that younger
adults showed an incremental theta power increase that predicted
performance in fronto-temporal areas, including the hippocampus,
which is consistent with our previous study (Olsen et al., 2013). As
theta oscillations within the hippocampus have been associated
with binding, integration, and maintenance during memory
Fig. 7. Oscillatory changes across groups and progressive encoding states (Object 1 through Object 3) were captured by two distinct latent variables (A) and (B). Error bars
signify confidence bounds (95%) obtained from the bootstrap distribution. (B) Distribution of virtual channels that positively (red colors) and negatively (blue colors) express
the contrast are shown on the right for three frequency bands of interest (theta, alpha, and beta). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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et al., 2010; Kahana, Sekuler, Caplan, Kirschen, & Madsen, 1999;
Lega, Jacobs, & Kahana, 2012; Raghavachari et al., 2001), this
suggests that younger adults were engaging hippocampally-
mediated relational binding processes during encoding. In
contrast, older adults did not show this oscillatory response, sug-
gesting that they may not have engaged relational binding to the
same extent as younger adults. However, as older adults performed
the task as accurately as younger adults, these results suggest that
although younger adults engaged relational binding, such binding
was not necessarily critical for successful performance on the
current task.
In addition to differences in theta power, older adults uniquely
showed a task-related decrease in alpha power in a majority of
frontal, parietal, and temporal regions. Together with the findings
of pre-stimulus alpha power similar to younger adults and a
decrease in alpha activity from the pre-stimulus period to the
post-stimulus period, this suggests that older adults more readily
modulated alpha oscillations than theta oscillations. Alpha modu-
lations have been linked to the allocation of top-down attention
(Sauseng et al., 2005; Thut, Nietzel, Brandt, & Pascual-Leone,
2006) and sensory gating (Jensen & Mazaheri, 2010; Klimesch,
Sauseng, & Hanslmayr, 2007), which could point to a tendency
for older adults to require more effort to filter out distracting infor-
mation. However, in older adults, we did not find any statistically
significant brain-behavior relationships between neural oscilla-
tions (pre-stimulus or task-related) and performance (accuracy or
response time), even when the analysis was restricted to the alpha
frequency range, suggesting that these alpha modulations did notserve as a compensatory mechanism. Instead, these task-related
changes in alpha power suggest that aging is associated with non-
selective neural recruitment. Alternatively, these alpha modula-
tions, together with the slower response times, could point
toward a speed of processing deficit at such a foundational level
that it is not related to performance accuracy.
Both younger and older adults showed an incremental task-
related beta power decrease in a number of frontal, parietal, and
temporal regions. However, these effects were more distributed
across a greater number of brain regions in older adults compared
to younger adults. This wider distribution of a beta power decrease
in older adults may be driven by higher beta activity during the
pre-stimulus period compared to younger adults, which would
result in greater capacity (or room) to decrease their beta power.
Indeed, younger adults initially showed an increase in beta activity
from the pre-stimulus period to the post-stimulus period before
showing an incremental decrease in beta across the study phase.
This finding is consistent with the interpretation of neural ineffi-
ciencies: older adults recruited a more widespread pattern of activ-
ity than younger adults, while performing just as accurately, albeit
slower than, younger adults (Grady, 2008, 2012; Morcom et al.,
2007; Rypma et al., 2007; Zarahn et al., 2007).
Older adults’ performance was not predicted by task-related
changes in oscillatory power in the theta, alpha, or beta power
ranges. Thus, the distributed activity of neural oscillations in older
adults may be more representative of nonselective recruitment, or
dedifferentiation (c.f. Madden et al., 1999), which is the reduction
of selectivity in neural responses (Grady, 2002, 2012; Grady et al.,
1994; Townsend, Adamo, & Haist, 2006). One way to investigate
Fig. 8. Brain-behavior differences across groups. (A, left) Contrast shows group differences that are reliable for younger adults only i.e. confidence bounds computed from
bootstrap estimation are stable. (A, right) The contrast is expressed in theta band across multiple source locations, including areas within the right medial temporal lobe and
left orbitofrontal regions. (B) The scatterplot recapitulates the effects in (A) by showing more clearly the distribution across individuals across groups with no obvious outliers
present.
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younger adults, different tasks produce different patterns of activ-
ity, but in older adults, different tasks frequently result in similar
patterns of activity suggestive of dedifferentiation (e.g., Carp,
Gmeindl, & Reuter-Lorenz, 2010; Carp, Park, Polk, & Park, 2011;
Dennis & Cabeza, 2011; Park, Carp, Hebrank, Park, & Polk, 2010;
Park et al., 2004; Rieckmann, Fischer, & Bäckman, 2010; St-
Laurent, Moscovitch, Tau, & McAndrews, 2011). Future studies
may investigate this issue by comparing alpha oscillations in
younger and older adults across conditions in which relational
binding demands are varied.
The present work characterized age-related changes in oscilla-
tory activity during relational binding in a short-delay task that
required the formation and retention of representations regarding
the relative visuospatial positions among objects. In particular,
older adults did not demonstrate task-related changes in
theta power suggesting that they did not effectively recruit
hippocampally mediated relational binding processes. Instead,
older adults recruited alpha and beta oscillations among a much
greater network of regions compared to younger adults, which
may reflect either nonselective neural recruitment, or a shift
toward a cognitive strategy that does not benefit binding per se.
The fact that there were no significant relationships between neu-ral activity and behavior in older adults may reflect variability in
the cognitive strategies that were used by individual older adults
and/or the use of cognitive strategies that did not necessarily vary
in load across the encoding stages (e.g., holistic or verbal represen-
tations). Nonetheless, the present results demonstrate that in
healthy younger adults, theta power changes within the hip-
pocampus and medial prefrontal cortex helped to form relations
among objects across space and time. However, this network was
disrupted in older adults, even when performance was intact and
hippocampal volumes were preserved, suggesting that measures
of oscillatory activity may be a more sensitive marker of age-
related changes than memory performance and/or structural
integrity.
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